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Experimental Evaluation of Combined Postdetection 
Diversity and Concatenated Channel Coding 
Koji Ohno, Member, IEEE, and Fumiyuki Adachi, Senior Member, IEEE 
Abstract-The combined effects of postdetection diversity re- 
ception and concatenated channel coding are experimentally eval- 
uated for x/A-shift QDPSK signal transmission over a Rayleigh 
fading channel. Two-branch postdetection diversity reception 
using maximal ratio combining (MRC) and selection combining 
(SC) are considered. The concatenated channel coding uses the 
Read-Solomon (15, k) code of GF(Z4) as the outer code and 
the BCH (7, 4) code as the inner code ( k  = 9, 11, 13). Mea- 
sured bit error rate (BER) performance results are presented 
under cochannel interference (CCI) and multipath channel delay 
spread, as well as additive white Gaussian noise (AWGN). 
I .  INTRODUCTION 
OBILE radio systems demand bandwidth-efficient dig- M ital modulation because of the limited resources of the 
available radio bandwidth. Recently, quatemary differential 
phase shift keying (QDPSK) has been attracting more attention 
than constant envelope digital FM, and 7r/4-shift QDPSK [l], 
[2] has been adopted in North American and Japanese TDMA 
cellular standards. The causes of transmission errors in cellular 
systems are random phase noise (sometimes called random FM 
noise), delay spread of the multipath channel, and cochannel 
interference (CCI), as well as additive white Gaussian noise 
(AWGN). The CCI is produced by the reuse of the same radio 
frequency in different cells. For high bit-rate transmission, 
the random phase noise effect can be neglected. Diversity 
reception and error control are attractive techniques to reduce 
the error rate under multipath fading [3]-[7]. Postdetection 
diversity reception does not require the cophasing function 
that is necessary for predetection diversity, and hence is 
suitable for differential detection. However, for high quality 
data transmission over fading channels, e.g., bit error rate 
(BER's) less than the single use of diversity reception 
is not sufficient. Concatenated channel coding [8] using two 
cascaded forward error correcting codes provides powerful 
error correction capability while hardware implementation is 
simpler than using a single long code. In this paper, we 
combine concatenated channel coding [8] with postdetection 
diversity [ 3 ]  for ~/4-shif t  QDPSK signal transmission over 
a Rayleigh fading channel. The combined effect of diversity 
reception and channel coding is experimentally investigated. 
Short BCH and Reed-Solomon (RS) codes are used for 
concatenated coding. Section I1 describes the experimental 
system and the results are presented in Section 111. 
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11. EXPERIMENTAL SYSTEM 
A .  Transmitter 
Fig. 1 shows a block diagram of the experimental system. 
The concatenated channel coding scheme is known as an effi- 
cient means of constructing long codes which can be decoded 
without the equipment complexity required for processing a 
single long code. The concatenated coding considered here was 
formed from RS( 15, I C )  with symbols from GF(24) and BCH(7, 
4). The information data block of 4 x k b to be transmitted was 
divided into IC symbols of 4 b each. These k symbols were RS- 
encoded to form a 15-symbol code vector. Each 4-b symbol 
was then BCH-coded, resulting in a coded block 105 b long. 
After appending nonused data of 7 b to make a data block 
of 112 b, block bit interleaving with a depth of N b ( N  = 
2", .n = 4 - 9) was applied to randomize the burst errors that 
may otherwise be produced by multipath fading at the receiver. 
After appending the 16-b frame synchronization words, a 90 
MHz carrier was modulated by a read only memory (R0M)- 
based 7rl4-shift QDPSK quadrature modulator. (A Nyquist 
transmit filter with raised cosine spectral response and roll- 
off factor of 0.5 was used; the filter impulse response to the 
input two-bit QDPSK symbol sequence was computed taking 
into account intersymbol interference (ISI) from 12 symbols (6 
past symbols and 6 future symbols) and stored in the ROM.) 
For 7r/4-shift QDPSK, the nth two-bit symbol (un, b,) to be 
transmitted was mapped to the differential phase A$, of the 
carrier. Using Gray coding, A& = f r / 4  for = ( 1 ,  4~1) and 
= f37r/4 for = (-1, f l ) .  The radio channel bit rate was 64 
kbps and the information bit rate was 2 x k  kbps (k = 9, 11, 
and 13). 
B .  Fading Channel Simulation 
Fading is called frequency selective when the effect of IS1 
due to delay spread cannot be ignored. Frequency selective 
fading can be determined from the delay power profile of the 
mutlipath channel. When the rms delay spread T~~~ normalized 
the QDPSK symbol duration T is less than about 0.2 (corre- 
sponding to 6.25 p s  for our experiment) where the diversity 
and channel coding are effective, the delay profile shape 
is of no importance [3]; thus, frequency selective Rayleigh 
fading with a double-spike delay profile with equal average 
power was simulated in the experiments. The fading simulator 
used here provided two independent faded ~/4-shif t  QDPSK 
signals for diversity reception at the receiver. The CCI was 
also a 64 kbps Rayleigh faded ~/4-shif t  QDPSK signal. 
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Fig. 1. Block diagram of experimental system. (a) Overall system. (b) Postdetection diversity combiner. 
C. Receiver 
The desired signal, CCI, and extemal Gaussian noise with 
flat power spectrum over the receive filter bandwidth were 
added and input into the receiver. The received signal, per- 
turbed by Gaussian noise, CCI, and delay spread, was passed 
through a ceramic receive filter having a -3 dB bandwidth of 
32 kHz at 455 kHz stage and amplitude limited for quadrature 
differential detection. The in-phase (I) and quadrature (Q) 
outputs of the differential detector were sampled and converted 
into 8-b digital formats by A D  converters. The received signal 
envelope of each branch was measured in dB at the 455 
kHz stage, bandlimited by a lowpass filter having a -3 dB 
bandwidth of 1 kHz for noise reduction, and then sampled for 
conversion into 8-b digital format. Two-branch postdetection 
diversity reception using maximal ratio combining (MRC) and 
selection combining (SC) was employed. 
The ith branch ( i  = 1, 2 )  differential detector output 
at the nth decision timing can be written in the complex 
form as a;(nT) = I;(nT) + jQi(nT) = z;(nT)z%*((n - 
l)T)/(z;(nT)lIzi((n - 1)T)I, where I i ( t )  and Q;(t)  are the 
detector in-phase and quadrature outputs, respectively, and 
~ ; ( t )  is the detector input. The postdetection diversity com- 
biner weights each detector output using the weight ui;(nT) 
to produce v(nT) = I(nT)+jQ(nT) = C;=,w;(nT)wi(nT), 
on which the symbol decision is now based. Choosing w,(nT) 
as IzC(nT)I x I.;( - 1)T)I yields the theoretical best per- 
formance [3]. This combiner is called postdetection MRC. In 
our experiment, the filtered received signal envelope measured 
in dB was converted into a linear value (;i(nT)I to calculate 
the weight wi(nT) .  Due to filtering of the received signal 
envelope and for a very slow fading situation compared 
to the symbol rate (assuming 900 MHz band, the fading 
maximum Doppler frequency is below 167 Hz for a traveling 
speed of less than 200 km/h and is much slower than the 
transmission symbol rate of 32 ksymbols/s), so the measured 
signal envelope remains almost constant over several symbol 
periods. Therefore, in the experiment, the square of the fil- 
tered received signal envelope I,Zi(nT)I2 was used instead of 
Jx i (nT)J x J z i ( ( n  - 1)TJ as the weight wi(nT).  On the other 
hand, the SC diversity selects the detector output of the branch 
with larger signal envelope; {wl(nT),  wz(nT)} = {1,0} 
when IZl(nT)I 2 I&(nT)I and {w1(nT),w:!(nT)) = (0 , l )  
otherwise. 
Decision on two-bit QDPSK symbol (u,, b,) was based on 
the polarity of I (nT)  and Q(nT) of the diversity combiner 
output. After deinterleaving, hard decision BCH decoding was 
applied. BCH(7, 4) has a single-bit error correction capability; 
however, the combination of postdetection diversity combin- 
ing, deinterleaving, and BCH-decoding provides a powerful 
error correction capability. Finally, RS( 15, k)-decoding was 
applied to correct (15-k)/2 symbols in each of the 15-symbol 
blocks. The overall code rate of the experimental system was 
R = 4/7 x k/15. 
111. MEASURED RESULTS 
For cellular systems using high bit-rate transmission, the 
transmission errors are caused by AWGN, delay spread and 
CCI (the effect of random phase noise can be neglected). 
The total BER can be well approximated by the sum of 
individual BER’s due to AWGN, delay spread and CCI since 
they are independent causes of errors [3], [7]. On this basis, 
we evaluated the combined effects of diversity and channel 
coding on the individual BER’s due to AWGN, delay spread 
and CCI, separately. 
A. BER Due to AWGN 
Increasing the interleaving depth improves the BER per- 
formance because errors can be made less bursty. First, we 
investigated the dependence of BER values on the maximum 
Doppler frequency, fo (mobile speed/carrier wavelength) and 
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Fig. 2. Effect of  interleaving depth. 
interleaving depth. The signal energy per coded bit-to-noise 
power spectrum density ratio &/No required to achieve BER 
= was measured for various interleaving depths. The 
results are plotted in Fig. 2 for MRC diversity as a function 
of the interleaving depth M ( =  ~ D T ~  x N ,  where l/Tc is the 
coded bit rate which is 64 kbps) normalized by maximum 
Doppler frequency. It can be seen that when M > 0.16 (this 
corresponds to N 2 2' when f~ = 40 Hz), performance 
improvement was almost saturated. The same was observed 
for SC. With N = 2', two consecutive bits in 7-b BCH 
code was separated in time by 8 ms. The autocorrelation 
of the fading complex envelope used in the experiment was 
p = Jo(2.rrfot) [7], where . I"( . )  is the first kind Bessel 
function and thus M = 0.32 produces p = 0.22 which is low 
enough to produce independent fading within the 7-b BCH 
code. Therefore, longer interleaving depth is not necessary. In 
the following, we used N = 2'. 
The measured BER performance due to AWGN is plotted 
in Fig. 3 as a function of average E,/No. The use of diversity 
only can reduce the BER significantly. The diversity gain in 
the required value of E,/No to achieve the average BER 
= lop3 is 10.6 dB for SC and 12.1 dB for MRC; MRC has 
a larger diversity gain by 1.5 dB than SC as was predicted 
by [3]. With channel coding, a further reduction in BER 
can be achieved. The combined gain depends on the overall 
code rate R. For a fair comparison with an uncoded system 
(diversity only), the required signal energy per information 
bit-to-noise spectrum density ratio &/No(= l / R  x &./No) 
is used, The dependency of the required on R is 
shown in Fig. 4 for BER = lo-* and For comparison, 
the results of the uncoded case ( R  = I )  are also plotted 
in Fig. 4. R = 0.57 corresponds to the case that only the 
BCH(7, 4) code is used. As R decreases, the required Eb/N0 
decreases because the lower code rate permits more powerful 
error correction capability. With diversity reception, however, 
the required Eb/No increases for excessively small code rates 
because of the increase in signal energy caused by channel 
~ 
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coding; therefore, there exists the optimum code rate Ropt that 
minimizes the required Eb/No value. The value of Ropt for 
BER = is 0.42 for both MRC and SC (this corresponds 
to the concatenation of RS( 15, 11) and BCH (7, 4)) and the 
coding gain of 3.4 (3.0) dB is achieved when MRC(SC) is 
used; the combined gain of diversity and coding is thus 15.6 
(13.4) dB for MRC(SC). However, for BER = lo-*, almost 
no coding gain is obtained over the case of diversity reception 
only ( R  = 1). For example, when MRC diversity is used, the 
required Eb/No is 10.2 dB at R = 1, but it can be reduced 
only by 0.4 dB at the optimum code rate Rapt = 0.5. 
B.  BER Due to CCI 
The BER due to CCI depends on the average signal-to-CCI 
power ratio (SIR) and is almost independent of the degree 
of fading-induced distortion in CCI. Therefore, the average 
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E,/No and rrms/Tc were set to 28.8 dB and zero, respectively, 
so that errors were predominantly produced by CCI. The 
measured BER performance due to CCI is shown in Fig. 5 
as a function of average SIR. The required SIR'S for BER 
= and lop3 are plotted in Fig. 6 as a function of code 
rate. There was the optimum code rate in the case of AWGN- 
limited channel due to the trade-off between increased error 
correction power and increased signal energy per information 
bit. However, in the CCI-limited channel, the required SIR 
decreases monotonically as the code rate decreases because 
no such tradeoff exists. 
C. BER Due to Delay Spread 
The average E,/N[, was set to 3 1.2 dB so that errors were 
produced predominantly by delay spread. For rrms/T < 0.2 
(corresponding to rrm, = 6.25 p s  in our experiment) where 
diversity reception is effective, the IS1 due to delay spread 
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Fig. 7. BER performance due to delay spread. 
is not too severe and the received signal envelope vanes 
approximately as in the case of frequency-nonselective fading 
(Sections 111-A and 111-B), except for periods of very deep 
fade; thus, the nature of burst errors produced is similar to that 
in frequency-nonselective fading. In this experiment, therefore, 
we used the interleaving depth N = 2'. The measured 
BER performance due to delay spread is plotted in Fig. 7 
as a function of rms delay spread. For comparison, the floor 
values without channel coding are also plotted. Also shown 
are the results for the no diversity case. It is observed from 
the figure that the combination of MRC diversity reception 
and concatenated channel coding can reduce the BER floor 
significantly. At an rms delay spread of 2 ,us, the error floor 
is around lo-' without diversity and channel coding. The 
use of postdetection diversity reduces it almost two orders 
of magnitude to 3 X ~ O - ~ .  The application of concatenated 
channel coding using BCH(7, 4) and RS(15, 13) further 
reduces the BER floor to'below lo-'. 
In our experiment, the overall code rate is R = 4/7 x k/15. 
Lower code rates provide more powerful error correction 
capability; however, the information bit rate Tcl = R/Tc 
decreases as R decreases and the value of the error floor for the 
uncoded system with the same information bit rate would be 
also reduced. For a fair comparison with the uncoded system, 
the BER floor values are compared at the same rms delay 
spread normalized by the information bit duration ( T ~ , ~ ~ / T ~ ) .  
The tolerable values of T ~ ~ , ~ / T ~  to achieve BER = lop3 
and are calculated from Fig. 7 and plotted in Fig. 8 as 
a function of code rate R for the diversity reception case. 
According to our measurement, when no coding is applied 
( R  = l), the tolerable normalized rms delay spreads for BER 
= low3 and lo-' with MRC diversity were 0.18 and 0.05, 
respectively. It can be seen from Fig. 8 that channel coding 
can be effective for achieving a BER of however, no 
coding gains are observed for BER = The use of MRC 
achieves a larger tolerable normalized rms delay spread than 
SC. The combination of MRC diversity and channel coding 
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using BCH(7, 4) x RS(15, 9) increases the value of rrms/Tb 
by about 1.6 times over the uncoded system to 0.077. This 
result is larger than that of coherent QPSK with SC diversity 
reception and RS (3 1, 17) code from G F p 5 )  as reported in [ 5 ] .  
IV. CONCLUSION 
The combined effect of two-branch postdetection diversity 
reception and concatenated channel coding using a short BCH 
code and an RS code was experimentally evaluated for 7r/4- 
shift QDPSK transmission over a Rayleigh fading channel. 
When the normalized interleaving depth is larger than 0.16, 
sufficient randomization of bursty errors is obtained. The 
combined gain of MRC diversity and coding is 15.6 dB in 
the terms of the required Eb/No for BER = however, 
almost no coding gain over the case of diversity reception only 
is obtained for BER = lop2. This suggests that if the required 
BER is relatively high, say lo-*, diversity reception is much 
more powerful than coding, while both can successfully reduce 
the required &/NO for much lower BER’s. In this paper, we 
presented the experimental results that cover a BER range of 
lo-* - For high quality data transmission, however, 
a BER under may be required. It is estimated from 
Figs. 2-8 that BER = can be achieved at average 
Eb/No (or SIR) of around 19 dB while BER = can 
be achieved at average &/No (or SIR) of around 13 dB, and 
the tolcrable normalized delay spread is reduced to about 0.06 
(we assumed MRC diversity and channel coding using RS( 15, 
9) and BCH(7, 4)). 
This paper considered the hard-decision decoding of the 
BCH code and no erasure correction of the RS code. Applica- 
tion of BCH soft-decision decoding and RS erasure correction 
can increase system performance. Furthermore, concatenated 
coding using a convolutional code with Viterbi decoding for 
the inner code is more powerful, again, when combined with 
postdetection MRC diversity reception. Thcse evaluations are 
left for intcresting future studies. 
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